Vector-borne microbes necessarily co-occur with their hosts and vectors, but the degree to which they share common evolutionary or biogeographic histories remains unexplored. We examine the congruity of the evolutionary and biogeographic histories of the bacterium and vector of the Lyme disease system, the most prevalent vector-borne disease in North America. In the eastern and midwestern US, Ixodes scapularis ticks are the primary vectors of Borrelia burgdorferi, the bacterium that causes Lyme disease. 
The geographic distribution of plants and animals is influenced as much by historical climate as by current ecological factors. The recent Pleistocene glaciations profoundly impacted northern biota and is a dominant factor affecting genetic population structure (Pielou 1992; Avise 2000; Knowles 2001) . Many organisms expanded their ranges northwards as the Pleistocene ice sheet retreated (Pielou 1992) . Phylogeographic analyses incorporating gene frequency and sequence divergence among populations have been used to test hypotheses of vertebrate evolution, migration, and demography in the northern hemisphere Mila et al. 2000; Knowles 2001 ). The emerging correlation between contemporary climate change and the distribution of infectious diseases alludes to the impact of climate on the evolution, migration, and demography of microbial pathogens, particularly those obligately associated with animal hosts or vectors (Patz et al. 2005) .
Vector-borne infectious diseases are biologically and ecologically coupled to invertebrate vector species whose own historical biogeographic distributions often bear the signature of climatic oscillations (Pielou 1992; Avise 2000; Knowles 2001 ). Even with contemporary biological coupling of pathogen and vector, it is unclear to what extent pathogens and their vectors share common evolutionary or biogeographic histories. We reconstruct the biogeographic history, demographic history, and population genetic structure of the Lyme disease bacterium Borrelia burgdorferi and its tick vector, Ixodes scapularis. We examine if both species of this biologically coupled system bear the genetic footprint of a recent and rapid expansion in the regions made available by the retreat of Pleistocene ice sheets and if their evolutionary and biogeographic history share concordant genetic footprints.
The recolonization and migration patterns of obligate parasites, such as B. burgdorferi, are contingent on the distribution of their hosts and vectors. Borrelia burgdorferi is carried among several species of vertebrate hosts by I. scapularis in the northeastern and midwestern US (Burgdorfer et al. 1982; Anderson et al. 1983; Piesman et al. 1986 ). The continual passage of B. burgdorferi between tick vectors and vertebrate hosts is required for the existence of local B. burgdorferi populations as neither ticks nor vertebrates transmit B. burgdorferi to their offspring (Magnarelli et al. 1987; Lane et al. 1991; Mather et al. 1991; Patrican 1997) . Thus, B. burgdorferi is sustainable only in a community of appropriate vertebrate host species and abundant ticks (LoGiudice et al. 2003; Brisson and Dykhuizen 2006) . Although, B. burgdorferi can migrate with infected small mammals, most terrestrial mammalian hosts of B. burgdorferi have limited long-distance migration (Bowman et al. 2002) . Long-distance migration of B. burgdorferi in ticks carried on migrating birds has been documented and can seed a region with B. burgdorferi (Scott et al. 2001) .
Ticks carrying B. burgdorferi are concentrated in multiple foci around the northern hemisphere in regions once under the Pleistocene glacier (Pielou 1992) . Ticks in northeastern US bear the genetic footprint of a recent colonization and rapid population expansion (Qiu et al. 2002) . The ancestry of northeastern tick populations can be traced to one or a few migrants originating in the southeastern US (Qiu et al. 2002) . The route of B. burgdorferi colonization is unclear but may have originated in Europe and invaded the Northeast (Margos et al. 2008; Qiu et al. 2008) . The recent discovery of I. scapularis in the midwestern US has lead to the hypotheses that ticks were introduced or reintroduced into this region in the last century (Jackson and DeFoliart 1970) or that continuous long-distance migration between the northeastern and midwestern regions on migrating birds (Scott et al. 2001; Ogden et al. 2008) explains the introduction and rapid increase in density of this medically important vector species. The tempo and mode of historical migration may expose the current and future migration patterns of the Lyme disease system as climate and human land-use patterns continue to change.
In North America, the majority of Lyme disease cases come from the Northeast (∼75%) and the Midwest (∼12%) (Orloski et al. 2000; McNabb et al. 2008) . Lyme disease in the Midwest has received little attention, likely because far fewer human cases are reported in the area. This has resulted in a scientific naivete concerning the combination of historical factors that have generated the relatively low Lyme disease incidence in the Midwest. For example, it is unknown whether midwestern ticks, which are morphologically different in several allometric characters than their eastern conspecifics (Hutcheson et al. 1995; Keirans 1996 #813) , originated from a different founding tick population with different behaviors than northeastern ticks. In this study, we investigate the effect of current migration as well as historical distribution and demography of I. scapularis on the current distribution of B. burgdorferi.
Methods

SAMPLING NATURAL POPULATIONS
Ixodes scapularis: A total of 110, 216, and 125 host-seeking adult ticks were collected using a 1-m 2 drag-cloth (Lane et al. 1991) from the Colfax, Stockton, and Marinette, WI, respectively, in 1998 ( Fig. 1) . A 350-bp fragment of the mitochondrial 16s rDNA was amplified from whole-genome DNA extracted from individual ticks (QIAGEN DNeasy, Alcameda, CA) using primers 16Sa/16sB DNA (Rich et al. 1995) . PCR products were subsequently sequenced and aligned with Clustal W (Thompson et al. 1994; Larkin et al. 2007 ). Midwestern 16s rDNA haplotypes were aligned with previously reported haplotypes (Qiu et al. 2002) . Gaps were removed to safeguard against introduced SNPs resulting in an alignment of 342nt. Haplotype frequency data from three northeastern, three mid-Atlantic, one Long Island, and three southeastern tick populations were incorporated into this study (Qiu et al. 2002) . The northeastern sites cover a similar geographical area as the midwestern sites and were undeniably under the last glacial ice sheet (Fig. 1) . Mid-Atlantic populations-those that may have been affected by the Pleistocene ice sheet-were included in some analyses as either northeastern populations and as populations from a separate "mid-Atlantic" region.
Borrelia burgdorferi: A 1-kb fragment of the noncoding rrsrrlA intergenic spacer (IGS) region was amplified as previously described (Bunikis et al. 2004) . IGS sequences from 41 midwestern B. burgdorferi were derived from a random sample of the infected midwestern ticks originating from Stockton (16), Marinette (13), or Colfax (12), WI (Fig. 1) . Borrelia burgdorferi from the sites sampled in Qiu et al. (2002) are no longer available. Eastern IGS sequences were derived from individual ticks collected from two eastern locations: Millbrook, NY (15) and Front Royal, VA (15). Borrelia burgdorferi is too rare from regions south of Virginia to obtain appropriate frequencies of IGS haplotypes for a statistical analysis (Oliver 1996; Clark et al. 2002; Qiu et al. 2002) . The geographical and temporal differences between the tick and bacterial species in the sampling sites do not affect the comparisons of among-region phylogeographical analyses. IGS PCR products from ticks were cloned into pCR2.1 cloning vector (Invitrogen, Carlsbad, CA) and a single transformed colony was randomly chosen for sequencing. Sequences were aligned as above and singleton polymorphisms discarded to guard against PCR and sequencing artifacts.
Population genetic analyses
Identical population genetic analyses were performed on both the I. scapularis and B. burgdorferi datasets. Unrooted Bayesian phylogenies and unrooted minimum spanning trees (MST) were constructed using MrBayes 3.1.2 and TCS1.21, respectively (Clement et al. 2000; Huelsenbeck and Ronquist 2001) to evaluate phylogenetic relationships among haplotypes within each species. These methods determine the gene network in which the total length of the branches that connect haplotypes is minimized. To discriminate among equal-length MSTs, we assumed that older alleles are more common than recently derived alleles and that new mutations are more likely to be found in the same population as their ancestor (Excoffier et al. 1992; Neigel and Avise 1993) .
The population genetic structure of both tick and pathogen populations was determined using analysis of molecular variance (AMOVA) and exact tests as implemented in Arlequin 3.1 (Raymond and Rousset 1995; Excoffier et al. 2005) . AMOVA extends Wright's F to incorporate genetic relatedness in addition to allelic frequency to determine the degree of subdivision among populations (Excoffier et al. 1992 ). The effect of differences in sampling effort among the regions was investigated for all demographic parameters. One hundred datasets were created by reducing the sample size of each tick population to 24 (the smallest sample size in the dataset) by subsampling with replacement the haplotypes within each population. These datasets were investigated to estimate the robustness of the population genetic and demographic analyses.
The historical population growth rates of tick and B. burgdorferi populations were investigated using the sequence and frequency of each haplotype in the program LAMARC (Kuhner 2006) . LAMARC coestimates the effective population size in terms of θ (θ = N e • μ) and the exponential growth rate of the population (g in units of 1 • μ −1 individuals per generation). Population parameter estimates were derived using a Bayesian search strategy with uninformative priors, three replicate runs of 30,000 generations, and multiple random seeds to insure convergence. The time to most recent common ancestor (TMCRA) was estimated from gene sequences using the coalescent-based program GENETREE (Bahlo and Griffiths 2000) . Three replicate runs of 1,000,000 generations each using a random seed all converged on similar results. Estimates of TMRCA are reported in coalescent units, T, where T = real time/N e • (generation time in years).
Results
GENETIC VARIATION AND PHYLOGENETIC
ANALYSES
Genetic analysis of 451 I. scapularis ticks collected from three midwestern sites yielded 29 unique 16s rDNA haplotypes. The most dominant midwestern haplotypes, 1 and 2, are identical to the most dominant northeastern haplotypes, F and D (Table 1) . Six of the 10 haplotypes present in the Northeast were also found in the Midwest. The majority of midwestern haplotypes (23 of 29) occur at low frequencies (0.8-2.9%) and are unique to this region; 20 are unique to one midwestern site (Table 1) . Northeastern tick populations are dominated by three haplotypes (F-46.2%, D-23.3%, and A-16%) and all 10 of the northeastern haplotypes found more than once are present in multiple northeastern tick populations (Table 1) . Only four haplotypes discovered in the Northeast and the Midwest are present in the Southeast (1/F, 2/D, 23/A, and 26/G). Tick populations from mainland southeastern sites have an order of magnitude more sequences diversity (π n ) than midwestern and northeastern tick populations (Table 1) . Marinette and the eastern coastal populations (NC1 and MA) are the least diverse of all populations (Table 1) .
The MST reconstructed from tick 16s rDNA haplotypes depicts the phylogenetic similarity between midwestern and northeastern tick populations ( Fig. 2A) . The majority of haplotypes differ by exactly one nucleotide from other extant haplotypes, a common phylogenetic pattern of rapidly expanding populations. Haplotype pairs that differ by one mutational step are found within the same sampling location (e.g., 10 and 13 both found in Stockton, WI; Fig. 2A , Table 1 ). The closest related haplotype to several northeastern haplotypes is often found in the Midwest ( Fig. 2A) . For example, haplotype I from the Northeast is most closely related to midwestern haplotype 13. The midwestern and northeastern tick populations are highly divergent from southern populations. Southern tick haplotypes O, M, and N form a distinct clade (Clade B of Qiu et al. 2002) that is separated from Northeast and Midwest haplotypes by several mutational steps ( Fig. 2A) . In a sample of 71 B. burgdorferi isolates from ticks collected in the midwestern (41) and northeastern sites (30), 33 distinct B. burgdorferi (IGS) haplotypes were recovered (Fig. 1) , 10 of which are identical to previously described IGS sequences from the Northeast (Fig. 3) . Borrelia burgdorferi infection prevalence in ticks was similar at all sites (25-30%). Sequence diversity in the northeastern B. burgdorferi populations (NY = 0.028; VA = 0.027) is more than double that in midwestern populations (Co = 0.01; Sto = 0.011; Mar = 0.012), despite the roughly equal numbers of unique sequences found in each population. The differences in nucleotide diversity among the regions are driven by the absence of RST-1 sequences in the midwestern samples.
The northeastern B. burgdorferi samples are dominated by a strongly supported clade of haplotypes corresponding to rDNA intergenic spacer type I (RST-I) (Liveris et al. 1996; Bunikis et al. 2004 ) that comprise 60% and 40% of all samples from Virginia and New York, respectively. No RST-I sequence was detected in the 41 B. burgdorferi samples taken from the three midwestern sites (Fig. 3) . The additional internal nodes are weakly supported but substantiate the previous RST designations (Fig. 3) .
Northeastern and midwestern RST-II and III haplotypes share a recent common ancestor. Eight identical haplotypes from these clades are found in both regions and the closest related haplotype to several northeastern haplotypes was often sampled only in the Midwest ( Figs. 2B and 3) . The absence of RST-I haplotypes in the Midwest distinguishes populations in the two regions. RST-I haplotypes are divergent-often separated by tens of mutational steps-whereas all other haplotypes are separated by one to five mutations (Fig. 2B) .
POPULATION GENETIC STRUCTURE
Gene flow among tick populations within and between regions is significantly restricted (Table 2) . Strong genetic structure is detectable among tick populations both within ( SC = 0.1579; P < 0.001) and between the midwestern, northeastern, and southern regions ( CT = 0.9688; P < 0.001). The among region genetic structure is driven by differences between the northeastern and southeastern regions and between the midwestern and southeastern regions (P < 0.004). No significant structure was detected between the northeastern and midwestern region (P = 0.059). Exact test of population differentiation showed strong genetic structure among the tick populations in the Midwest, indicating that barriers to gene flow exist even over short distances (100 km) within this region (P < 0.001). A similar degree of genetic structure is found for tick populations within the Northeast (P < 0.001) and the Southeast (P < 0.001). The mid-Atlantic region including sites in Pennsylvania, New Jersey, and Maryland is not significantly different from the northeastern region (P = 0.76). Including these sites in the analysis as either their own region or including the sites in the northeastern region does not affect the outcome of the analyses reported.
The large differences in sampling effort between the eastern tick populations and the midwestern populations do not affect the significance of the analyses. Significant genetic structure was found for all 100 subsampled datasets within and between the northeastern, midwestern, and southeastern regions as well as between the northeastern and southeastern regions and the midwestern and southeastern regions (P < 0.05). Significant structure was found between the northeastern and midwestern regions in 13 of the 100 subsampled datasets. These analyses, along with the nearly significant structure found using the entire dataset, suggest that given greater sampling in the Northeast, significant genetic structure between northeastern and midwestern populations would be found. Nevertheless, the identity and frequency of tick haplotypes in the northeastern and the midwestern regions are much more similar to each other than either is to the southeastern region. Population genetic structure is not detected among B. burgdorferi populations within either the midwestern or northeastern US ( SC = 0.019; P = 0.11; Table 2 ). The majority of haplotypes are present in every sampled population indicating that high genetic diversity is maintained within sampling areas (Table 2 ). Significant differences in the identity and frequency of IGS haplotypes between midwestern and northeastern regions ( CT = 0.276; P < 0.0001) indicate interregional barriers to gene flow. Regional differentiation is driven by the undetectably low frequency of RST-I haplotypes in the Midwest. No population differentiation was detected when RST-I samples were removed to northeastern populations (P = 0.34), suggesting that the barrier to gene flow between these two regions is restricted to RST-I haplotypes.
TIME TO THE MOST RECENT COMMON ANCESTOR (TMRCA)
Midwestern tick populations coalesce three times more quickly than those in the Northeast and more than 10 times faster than southeastern tick populations (Table 3) . Two eastern sites, MA in the Northeast and NC1 in the Southeast, coalesce more rapidly than populations in the Midwest. The time to coalescence was not estimated for B. burgdorferi populations because the pattern of nucleotide substitutions among IGS haplotypes violates the assumption of infinite sites inherent to the coalescent estimation procedures.
DEMOGRAPHIC HISTORY
Tick populations in the Midwest and Northeast experienced recent and rapid increases in population size (Fig. 4A) . By contrast, southeastern tick populations SC98 and NC2 show no evidence of changes in historical population size. NC1 remains an exception to this pattern, showing a high estimated growth rate. midwestern B. burgdorferi also show strong evidence of historical population growth (g = 185), whereas eastern B. burgdorferi samples show support for little support for historical population growth (g = 43; Fig. 4B upper panel) . The finding of limited population growth in the northeastern sites is driven by the RST-I haplotypes that dominate these samples (g = 39 for RST-I alone). Estimates using only RST-II and III result in strong support for population growth very similar to that found for the Midwest (g = 234; Fig. 4B lower panel). Estimates for ticks and B. burgdorferi remained unchanged when singleton haplotypes are removed from the analysis.
Discussion
The evolutionary and biogeographic history of vector-borne parasites such as B. burgdorferi is necessarily influenced by the evolutionary and biogeographic history of their vectors; B. burgdorferi occurs almost exclusively where I. scapularis is present (Dennis et al. 1998 ). However, the historical demographic, migratory, and population genetic patterns of B. burgdorferi do not reflect those of its obligate tick vector. The I. scapularis populations show considerable population genetic structure within the midwestern and northeastern regions but no significant structure was detected between the regions (Table 2) . Borrelia burgdorferi populations, on the other hand, show no population genetic structure within regions, but significant structure between regions (Table 2) . Human infectious RST-I strains are absent from the midwestern samples but constitute roughly half of all samples from the northeastern US ( Figs. 2 and 3) . The northeastern I. scapularis populations are derived from a small number of migrants from the southeastern region after the recession of the Pleistocene ice sheet. Phylogenetic similarity among northern tick populations suggests that ticks already established in the post-glacial northeastern US colonized the Midwest. The B. burgdorferi populations in both the Midwest and Northeast are derived from the same pool of highly variable strains with the exception of RST-I strains that likely face an ecological or geographic barrier to migration.
IXODES SCAPULARIS PHYLOGEOGRAPHY
The mitochondria in both the midwestern and northeastern I. scapularis populations are derived from a single colonizing tick that originated from refugia located to the south of the Pleistocene ice sheet. The recent common ancestry of the midwestern and northeastern tick populations is evinced by their phylogenetic similarity and the lack of significant genetic structure detected among populations from these regions ( Table 2 ). Neither northeastern nor midwestern ticks are monophyletic suggesting a recent shared history and appreciable migration (Fig. 2) . The midwestern populations are much younger than northeastern populations and both are an order of magnitude younger than southeastern populations (Table 3 ), suggesting that midwestern populations were the most recently colonized by I. scapularis. Northeastern migrants colonized the Midwest, either by long-distance migration on avian hosts or by range expansion through regions currently supporting very low tick densities McNabb et al. 2008) . After the initial migration across the northern region of the United States, populations have been largely isolated as evidenced by the extensive genetic differentiation among populations within each of the three regions (Table 2) . Although the most frequent haplotype in all three midwestern populations is 1/F, all but four of the remaining haplotypes are found in only one population ( Table 1 ). Haplotypes that differ by one nucleotide are always observed in the same tick population in the Midwest and are likely recently derived mutations (Fig. 2) . Four haplotypes found in only one midwestern population are also found in the northeastern region, indicating either recurrent mutation, different founders for each midwestern population, or haplotype loss by genetic drift. Northeastern and southeastern populations also show evidence of limited migration among populations within regions (Qiu et al. 2002) . However, the population structure of northeastern I. scapularis populations differs from the midwestern populations in that each population has a different most-frequent haplotype and the majority of haplotypes are found in every population, indicating less subdivision in the Northeast than the Midwest. The southeastern region has the most genetically divergent tick populations, differing in both frequency and composition of haplotypes, a common pattern for populations with long histories of isolation (Avise 2000) .
The southeastern NC1 population sampled from Pea Island National Wildlife Refuge in North Carolina appears much younger than any northeastern population except MA and shows evidence of rapid population growth. Pea Island National Wildlife Refuge is located on a coastal barrier island (max elevation 8 ft) that may have been colonized or recolonized recently by I. scapularis. Coastal populations such as NC1 and MA, located at the tip of Cape Cod, may have been subjected to repeated population bottlenecks due to changes in ocean levels and severe weather. To the contrary, inland and Long Island tick populations are at elevations at least fivefold higher than the highest point of either the NC1 or MA (max elevation 32 ft) populations.
The recent discovery of I. scapularis in midwestern US have led to the hypothesis that ticks were introduced or reintroduced in this region in the last century (Jackson and DeFoliart 1970) . Although the density and recognition of this medically important vector species has likely expanded rapidly over the past five decades, midwestern tick populations have accrued dozens of novel haplotypes necessitating many hundreds of generations. Further, sites as close as 100 km are significantly genetically differentiated ( Fig. 2A, Table 2 ). Rapid population growth can increase the rate of introduction of new mutations into a population thereby accelerating genetic differentiation among populations (Maruyama and Fuerst 1984; Kimmel et al. 1998) . Untenable rates of mutation would have to be invoked to produce the population genetic patterns seen for ticks over 50 years.
BORRELIA BURGDORFERI POPULATION STRUCTURE
The evolutionary and biogeographic history of B. burgdorferi does not reflect that of its tick vector. Borrelia burgdorferi populations show no population genetic structure within each region but strong barriers to gene flow between the northeastern and midwestern region. The between-region structure is driven by the lack of RST-I genotypes in the midwestern dataset (RST-1 has recently been detected at very low frequencies in the Midwest (Gatewood et al. 2009) ). RST-II and III strains from the Northeast and Midwest display no genetic structure and appear to share a recent common ancestor. The undetectably low frequency of RST-I isolates at midwestern sites likely has arisen through either selective processes that prevent RST-I lineages from establishing in the Midwest or due to lower migratory rates than RST-II and III.
Ecological barriers to gene flow may be present in the form of unsuitable host species as the relative fitness of B. burgdorferi genotypes differs among vertebrate species in the Northeast (Brisson and Dykhuizen 2004; Hanincova et al. 2006; Brisson et al. 2008) . However, host species commonly infected by RST-I strains in the Northeast such as Peromyscus leucopus are present in the Midwest, suggesting RST-I strains can colonize the Midwest if introduced. The recent shared history of northeastern and midwestern ticks makes it unlikely that evolution in the midwestern vector impinges on the invasion success of RST-I B. burgdorferi. Prevailing abiotic conditions in the Midwest differ from those in the Northeast such that the activity period of the immature stages of I. scapularis are synchronous in the Midwest and asynchronous in the Northeast. The asynchronous activity periods in the Northeast may enrich for the purportedly longer-lived RST-I infections Ogden et al. 2007; Gatewood et al. 2009 ).
RST-I lineages of B. burgdorferi are highly invasive in humans in the northeastern US (Seinost et al. 1999; Dykhuizen et al. 2008; Wormser et al. 2008) and are typically the most common strains found in northeastern ticks (Fig. 3) . The relative paucity of RST-I B. burgdorferi genotypes in the Midwest can explain why the reported Lyme disease incidence in this region is reduced compared to the Northeast, despite similar tick densities and infection rates among host-seeking ticks (McNabb et al. 2008; Gatewood et al. 2009 ).
DEMOGRAPHIC DIVERSITY WITHIN B. BURGDORFERI
The genetic diversity and stable population size of RST-I haplotypes (Fig. 4B) suggest that the RST-I clade is much older than other B. burgdorferi groups (Slatkin and Hudson 1991) . Thus, RST-I appears to be the ancestral clade from which RST-II and III were derived. Two recent reports suggest that B. burgdorferi arose in Europe and recently migrated to North America (Margos et al. 2008; Qiu et al. 2008) . However, all RST types are present in European populations suggesting that either RST-II and III are older than suggested in this article or that RST-II and III strains migrated from North America to Europe (Margos et al. 2008; Qiu et al. 2008) .
Range expansion of I. scapularis and B. burgdorferi-and thus range expansion of human Lyme disease-may occur as human land use patterns and global climate continue to change. Tick populations are capable of enormous rates of sustained population growth after colonizing an area ( Figs. 2A and 4) . Both long-and short-range migration may allow tick populations to expand their range and to colonize distant regions (Ogden et al. 2007 (Ogden et al. , 2008 Gray et al. 2009 ). Migration of B. burgdorferi among localities with established and newly settled tick populations may be limited only by ecological factors inhibiting colonization.
